Abstract: We present research investigations in the eld of multilayer optics in X-ray and extreme ultra-violet ranges (XUV), aimed at the development of optical elements for applications in experiments in physics and in scienti c instrumentation. We discuss normal incidence multilayer optics in the spectral region of \water window", multilayer optics for collimation and focusing of hard X-rays, multilayer dispersing elements for X-ray spectroscopy of high-temperature plasma, multilayer dispersing elements for analysis of low Z-elements. Our research pays special attention to optimization of multilayer optics for projection EUV-lithography ( ¶ = 13nm) and short period multilayer optics.
Introduction
Much of current research e®ort in XUV science and technology is in the wavelength range ¶ ¹ 0.01 { 30 nm, important in fundamental as well as applied science. Most investigations traditionally employ synchrotron radiation (SR) and various intense pulse plasma sources. Recent advances in multilayer XUV optics have facilitated utilization of synchrotron and pulse plasma radiation in physical, structural and biological research, in microelectronics and materials technology.
Synchrotron radiation is widely applicable in studies of optical constants of materials and the re°ection properties of multilayer X-ray mirrors. Important areas of combined SR and multilayer applications are projection and contact x-ray microscopy in the \water window" range ( ¶ = 2.35 { 4.5 nm) [1] , X-ray spectroscopy and microscopy using BraggFresnel elements [2, 3] . Best quality multilayer mirrors have been used as generators of X-ray standing waves for investigation of structural properties of Blodgett-Langmuir lms [4] [5] [6] . Extreme ultraviolet (EUV) projection lithography in the 13 nm spectral region using both pulse plasma and SR sources seems to be potentially the largest application eld for multilayer developments [7] [8] [9] . X-ray optics now has increasing demand as a tool for solving problems in SR technology [10] , fusion plasma diagnostics [11] and X-ray astronomy [12] [13] [14] .
Another research¯eld, somewhat beyond the scope of the classical multilayer X-ray optics, has to do with utilization of SR for investigation of resonance di®raction of ® -radiation from multilayer structures (MLS) [15] [16] [17] . This phenomenon demands attention,¯rstly, as it would stimulate further developments in coherent radiation physics. Secondly, it appears very promising for fabrication of optical systems for holography and interferometry. The resonance multilayer structures now play a unique role in fundamental research on the interaction of coherent nuclear radiation with materials.
Upgrading multilayer X-ray optics requires¯nding solutions to the following fundamental and applied problems: improvement of deposition technology and optimization of materials of multilayer coatings to expand the spectral range, re°ection power and resolution of multilayer dispersive elements; fabrication of multilayer structures (MLS) on spherical and aspherical substrates for multi-element EUV lithography systems, X-ray and EUV astronomy and development of intense micro-plasma sources; optimization of materials and development of technology for fabrication of structures forming metastable ordered solid solutions with nanometer and sub-nanometer periods; study of di®usion processes in these structures, development of normal-incidence optics for projection x-ray microscopy in the \water window" range; development of optics with enhanced thermal stability for synchrotron (undulator) radiation beam lines and fusion plasma diagnostics; development of fabrication technology for Bragg-Fresnel optics and phase re°ection multilayer gratings; development of multilayer¯lters for obtaining highly monochromatic (E/¢E ¹ 10 10 { 10 13 ) ® -beams suitable for X-ray holography and interferometry.
It should be noted that multilayer optics for the XUV spectral region ( ¶ º 0.01{30 nm) with periods of structures in the range d=1-15 nm, is a typical product of modern nanotechnology. In this article we shall primarily state the results of research in the¯eld of multilayer optics for the X-ray and EUV ranges obtained in the Institute for Physics of Microstructures of the Russian Academy of Sciences (IPMRAS) and in the \X-Ray" company. The focus is on the IPM research in the area of XUV multilayer optics, aimed at the development of optical elements for applications in di®erent experiments in physics and in scienti¯c instrumentation. We shall consider in particular, the problems of fabrication and application of multilayer dispersing elements and imaging optics for solution of speci¯c physical problems, including the problems of fabrication and research of shortperiod MLS with periods of about 1-2 nm and a number of periods up to 300-400. The main goals of research in the area of multilayer optics developed in IPMRAS, are presented in Fig.1 . They are: normal incidence multilayer optics for the spectral region of \water window", multilayer optics for collimation and focusing of hard X-rays, and multilayer dispersing elements for X-ray spectroscopy of high-temperature plasma and for the analysis of light elements (from B to Al). Multilayer optics for X-ray astronomy (l =13 -30.4 nm) Fig. 1 The main directions of research in the area of multilayer optics developed in IPMRAS
Research in the area of multilayer dispersing elements for the analysis of light elements has been carried out by many X-ray optics investigators for a long time, and perfection of the dispersing elements has invariably been related to either development of technologies or to new ideas. For example, such an idea for perfecting the dispersing elements based on La/B 4 C and C/B for boron analysis was introduced recently by various groups.
Research in optimization of multilayer optics for projection EUV-lithography ( ¶ = 13 nm) has recently received much attention and this has lead to further research for increasing absolute re°ectivity. There has also been more work in stress compensation techniques using bu®er layers between substrate and active Mo/Si-multilayer as well as investigation of stress relaxation processes. Research on substrate restoration is expected to continue.
In connection with the¯eld of perfecting multilayer optics for solving problems of X-ray and EUV astronomy, it should be noted that practically all Russian space stations with specialized telescopes designed to study solar radiation in the spectral range 13-30 nm, were equipped with the multilayer mirrors developed by us. For example, the \CORONAS-F" station now operating in space (2001) (2002) ) is equipped with the mirrors fabricated by the IPMRAS and the French groups. For this project a special process for producing aspherical mirrors with multilayer coating was developed. The technology is based on directional change in spherical substrates by deposition of an o®-axis multilayer coating with a speci¯ed period distribution over the substrate aperture. A multilayer re-°e cting coating is then deposited on the substrate with the modi¯ed surface form, which is optimized for the working wavelength and the desired distribution of a period thickness over the aperture. This technology enabled the manufacturing of o®-axis parabolic mirrors with multilayer Mo/Si coating in the spectral ranges 17.5 and 30.4 nm with the angular resolution of ¹ 1 second of arc [18] .
2 Technological, metrological and research support of ML mirrors fabrication
The scienti¯c problems presented in the last section are supported by technological and research equipment, which allow us to fabricate and study the multilayer structures in detail and characterize them on operating wavelengths. We essentially have all the technology necessary for deposition of multilayer coatings: magnetron sputtering, laser deposition, ion sputtering and electron-beam evaporation. However, the one widely used now is magnetron sputtering, and we shall therefore describe the technical equipment for magnetron sputtering in more detail.
We have utilized seven pieces of equipment in this investigation. Four of these with two magnetrons allow deposition of multilayer coatings on substrates of diameters up to 125 mm. Three of these are equipped with four magnetrons, which allow simultaneous deposition on a substrate of both re°ecting structures and bu®er layers either for possible restoration of substrates, or for stress compensation. Of these, one apparatus allows deposition of multilayer coatings with bu®er layers on substrates of diameters up to 350 mm.
For the study of multilayer structures (MLS), we have an almost complete research facility dedicated to investigations in solid state physics. For example, the methods of X-ray di®raction analysis enable us to study the electron density pro¯les, determine the main parameters of MLS, and study the starting roughness of substrates and crystallographic parameters of the layer materials. The scanning tunneling and atomic force microscopes are widely used for studying surfaces of substrates and multilayer mirrors (MLM).
The plotting of the electron density pro¯le in MLS is accomplished by a specially developed procedure of layer-by-layer elemental analysis of MLS by Auger electron spectroscopy. This a®ords us the possibility of preparing and studying cross-sections of multilayer samples by electron microscopy. Note that the procedure for preparation of crosssection samples of MLM does not require their thinning-down by ion etching and is based on the cleaving of mirrors on the cleavage planes of a substrate, or in arti¯cially prepared directions. It enables us to receive more reliable information on multilayer structures, especially in the case of short period multilayers.
We shall now discuss in more detail the measuring equipment, the circuit shown in Fig. 2 , which is speci¯cally designed for investigating the characteristics of multilayer mirrors and transmission¯lters and to perform characterizations at operating wavelengths.
The measuring equipment consists of a special large-aperture re°ectometer ( Fig. 3 ), grazing incidence monochromator RSM-500, and a dismountable X-ray tube (Fig. 4) . X-ray monitoring of a portion of the incident radiation by an additional detector allows one to perform absolute measurements of the re°ection parameters of samples. The test sample can be moved in vacuum in¯ve independent directions, using¯ve step motors, which allows us to study°at as well as spherical and aspherical samples with an aperture of up to 330 mm. The size of the locally illuminated surface region at angles of incidence close to normal is about 1 mm 2 . The accuracy of determination of the angles of incidence and the re°ection coe±cient is 0.02 0 and 1% respectively.
A new dismountable X-ray tube (Fig. 4 ) has been developed with a view to increasing the intensity and stability of X-ray radiation. A thermocathode of the tube was made of a material with a low work-function (thoriated tungsten), which provided a reduction in the operating temperature compared to the traditionally used tungsten cathode. This is essential to increase the lifetime of the thermocathode and to reduce its evaporation. The thermocathode material permits repeated exposure of the tube to the atmosphere without a decrease in emissivity. Four targets were installed on the anodic unit. For purposes of replacement of the target, it is possible to turn the anodic unit without exposing the tube to the atmosphere.
The size of the spot on the anode about 1 mm £ 1 mm is optimized for application in the given equipment, which considerably reduces the background radiation. An additional ion source gives a possibility of ionic cleaning of the anode surface. All of the features described above assure long (up to thousand hours) and stable operation of the equipment without exposure to the atmosphere. The technical characteristics of the tube are shown in Table 1 . Table 2 Short-period multilayer X-ray mirrors based on Cr/Sc; £ -angle of a re®ection maximum counted from a mirror surface 3 Results of fabrication and investigation of MLM
Short period ML mirrors
As stated earlier, we shall focus our attention here on short period multilayer structures.
In particular, we have worked extensively on multilayer structures based on scandium (Cr/Sc, W/Sc) [19] [20] [21] [22] [23] . We have developed a technique of deposition of such structures and made measurements of their key characteristics. The measurements conducted on synchrotron BESSY-2 are of great signi¯cance in our investigations. Some of the results of these measurements are presented in this report. The Cr/Sc multilayer samples with periods in the range d = 1.5 { 3 nm were made by magnetron sputtering and tests were done using s-polarized synchrotron radiation in the 3.1 { 6.3 nm spectral range. The normal incidence mirrors have a re°ectivity in the range 11 -8% (Table 2) for the entire spectral range. The multilayers were deposited on silicon substrates and on Si 3 N 4 membranes of 100 nm thickness. The Cr/Sc mirrors are of special interest for applications in the area of L absorption edges of Cr and Sc. The Cr/Sc multilayers operating in re°ection and in transmission modes were used as a basis for developing soft X-ray polarimeters at BESSY-2 [24] .
A detailed study of the re°ectivity of the mirrors in the spectral region 3.1 { 3.4 nm was performed and the results of the measurements are presented in Table 3 . The re-°e ction of Cr/Sc multilayers is 1.5 times less for a practically constant spectral resolution (about 250) outside the area of Sc anomalous dispersion, as expected. Nevertheless, Cr/Sc is an optimal pair of materials for fabrication of dispersing and focusing elements, for example, for the interesting line of radiation of a hydrogen-like ion of carbon ( ¶ CVI = 3.373 nm).
The mirrors were investigated in the spectral range 3 -3.5 keV for application of Cr/Sc multilayers for spectrally selective soft X-ray tomography of argon ions in Tokamak Table 6 Parameters of short-period multilayer W/B 4 C-mirrors; £ -grazing angle of a re®ection maximum; ¢£ -angular width of a re®ection curve; S -selectivity; R -re®ectivity of a mirror.
plasma. Multilayers with a period 1.57 nm and a number of periods N=250 also have selectivity of about 250 for the re°ectivity of 6 { 8% (Table 4 ). All multilayer mirrors presented in Table 5 were fabricated and characterized for experiments on X-ray tomography of ions impurities in Tokamak TEXTOR. The main performance requirement of the mirrors was good re°ection at high spectral resolution, which made it possible to select a useful signal from investigated impurity against the background wide-band radiation of high-temperature plasma.
Multilayer mirrors on W/B 4 C and W/Sc with extremely short periods of 0.8-1.5 nm and the number of periods up to 400 have been fabricated. The cross-sections of multilayer samples were investigated by electron microscopy. The characteristics of mirrors were measured on the K-lines of molybdenum, copper and magnesium (Table 6 ).
Multilayer optics for formation of X-ray beams
A secondary aim of our research has to do with fabrication of multilayer cylindrical paraboloids and ellipsoids and utilizing them to make Kirkpatrick-Baez systems. The systems permit an increase of up to a factor 100, in the e±ciency of radiation of X-ray tubes in commercial X-ray di®ractometers and to form X-ray beams in the spectral range of 8 { 50 keV. For this purpose we have developed a number of methods for fabrication of cylindrical and double-bent surfaces and for controlling their shapes. The existing technical facilities enable us to produce d-graded multilayer coatings on curved surfaces. A notable feature is the measurement of precise distribution of periods on a mirror length in case of large gradients of period 0.1 { 0.2 nm/mm. It is obvious that in such a case it is di±cult to use standard di®ractometers with a wavelength about 0.1 nm, since at grazing angles we will have too large a spot of radiation on a mirror surface under study. In such a case we use the equipment for measuring a soft X-ray either on the K-line of magnesium, or on the L-lines of copper, or titanium. That is, we use radiation with a wavelength of about 1 { 3 nm. Accordingly, the angles of incidence of radiation are increased by a factor of about 10 { 20 and the accuracy of measurements is increased.
x, mm As an example, a period variation and its deviation from the calculated distribution for a W/Si-multilayer structure is shown in Fig. 5 . The period variation from 3.4 nm to 6.7 nm on a substrate length of 28 mm was measured on a titanium L-line (3.14 nm). The change of a period on the length of a MLS was about 0.12 nm/mm.
Multilayer dispersion elements for analysis of low Z-elements
We produce multilayer dispersing elements for analysis of light elements from boron to aluminimum, nearly with the same parameters as studied by other groups of investigators. The parameters of mirrors are presented in Table 7 . It is seen from the table that the boron-line mirror based on La/B 4 C is much better than mirrors based on the traditional pair Mo/B 4 C. This is of particular interest in the selection of multilayer dispersing elements for the analysis of boron impurity in silicon.
It is well known that the solution of this important problem is rendered di±cult in practice because of the in°uence of background°uorescent radiation of silicon in the range of wavelengths 12.5 { 16 nm (at electron excitation) (Fig. 6) , which can be found in the study of full external re°ection from a multilayer structure. It is therefore expedient to use multilayer dispersing elements with smaller periods, for example structures based on La/B 4 C. We were skeptical about the stability over a long time duration of multilayer mirrors based on La/B 4 C, hence we measured the properties of mirrors stored under normal room conditions during the course of one year. No changes of the mirror properties were detected over this long period. We also made a comparison of the mirrors based on Mo/B 4 C, La/B 4 C, and Cr/B 4 C which, according to calculations, are interesting for the boron line. The results of measurements for periods from about 8 nm to 3.5 nm including near normal incidence are presented in Table 8 .
ML mirrors for EUV-Lithography
Considerable interest in Mo/Si multilayer X-ray mirrors for the wavelength ¶ = 13 nm is due to their potential utilization as a basis in the development of lithographic circuits with high space resolution (to º 30 nm. Such circuits [25] generally involve a large number of re°ecting components (eight or more), which impose fairly rigorous quality requirements on multilayer mirrors used in this application. Surely, these have to be structures with ultimately high peak re°ectivity of X-ray radiation. The re°ectivity of ¹ 68 { 69% obtained by some experimental groups are still below the theoretical limit which for an ideal structure made from this combination of materials may reach ¹ 74%. To ensure practical application of Mo/Si multilayer structures in X-ray lithographic arrangements, it is essential that the peak re°ectivity of the mirrors be no less than 70 { 72%, which is feasible in the current state of the art technology. The fact that the experimentally achieved re°ectivity of multilayer mirrors di®ers from the limiting value is generally attributed to structural defects such as: 1) interlayer roughness and interfacial transition layers within Mo/Si multilayers, 2) deviation of the value of the optical contrast between the Mo and Si layers from the optimum value (because of the di®erence between the real and the tabulated densities of materials in the layers), and 3) spread of the layer thickness due to inadequate stability or a wrong choice of a multilayer deposition process. Only a clear understanding of the nucleation and growth mechanisms of layers in such structures would allow one to make the right choice of optimal technical parameters.
To prevent distortion of the radiation wavefront and, as a consequence, a decrease in the lithography spatial resolution, it is necessary to retain the original form of a substrate (up to 0.1 { 0.3 nm) with a high degree of accuracy. Modern manufacturing techniques and the methods of substrate form control involving phase-shifting di®raction interferometer [26] enable us to make and test substrates, and maintaining the form of their surface to within an rms thickness of 0.25 nm. However, by deposition of a Mo/Si multilayer structure on substrate, the former may develop mechanical stresses which can largely deform the original mirror. Therefore, one way of perfecting multilayer optics for EUV-lithography is to study mechanical stresses in multilayer Mo/Si-structures and develop methods for stresses compensation while maintaining maximum re°ectivity of Mo/Si-mirrors [27, 28] .
The Mo/Si system has been actively investigated by various groups in the last two decades [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , due to the fact that a combination of these materials, besides being actively used in X-ray optics, is of considerable interest for semiconductor applications as well [30, 31, 37] . These groups studied the Mo/Si morphology in a variety of experimental techniques including small angle X-ray di®ractometry, transmission electron microscopy (TEM), Auger electron spectroscopy, Rutherford backscattering etc., thus providing an explanation of the dependence of structural changes on deposition parameters. The research leading to the development of a technology for fabricating multilayers for soft X-rays was focused on the kinetics of interface formation and on optimization of the deposition process in terms of upgrading the interface smoothness. High-resolution transmission electron microscopy of these multilayers helped in recognizing that, regardless of the fabrication technique, the interlayers between polycrystalline¯lms of Mo and amorphous Si layers also have an amorphous structure. Moreover, if the size of molybdenum crystal is large enough, regardless of which deposition method is applied, there is an asymmetry of the near-boundary regions: the transition layers are thicker at the Mo-on-Si interface than at the Si-on-Mo interface.
X-ray photoelectron spectroscopy, and Auger electron spectroscopy were used [44] [45] [46] for a detailed study of the silicide phases formation processes at Mo-Si interfaces and also to measure the depth of interdi®usion of these materials. It was found that the width of a transition interlayer may vary widely and reach ¹ 2.5 nm, depending on the deposition technique and conditions. Such extensive spreading of the inner interfaces of layers may strongly degrade the X-ray re°ectivity of multilayer mirrors.
Along with the factors that obviously degrade the properties of Mo/Si structures, there may be other mechanisms caused by deposition of layers, whose e®ect on re°ectivity cannot always be predicted unambiguously. Thus, the authors in [36] [37] [38] reported the observation of the amorphous-crystalline transition for molybdenum with an increasing thickness of the layers. The minimal thickness of crystallization is determined by the deposition parameters and varies from º 2 { 3 nm.
On one hand, crystallization of material in the layers is bound to increase the interface roughness through formation of grain boundaries, faceting, columnar growth features, and other imperfections [38] , as these are de¯nitely negative processes which lead to di®use scattering of X-ray radiation. On the other hand, the density of thin layers is usually less than the density of bulk materials. For example, it was found in [37] that the density of magnetron sputtered Mo¯lms deviates within a 0.6 { 0.94 limit from the bulk value depending on the deposition conditions. Crystallization of matter generally proceeds with an increase in its density, which is no doubt a positive factor for highly absorbing materials, since the optical index contrast is also increased. Besides, crystallization of materials a®ects the inter-di®usion processes in the¯lms which worsen the sharpness of a Mo-Si interface. It does not seem possible at this time to theoretically determine whether the collective impact of all these e®ects due to changes in a microstructure will prove positive or negative, since it remains poorly understood so far.
We did a detailed study of the microstructure of Mo/Si multilayers and its in°uence on the soft X-ray optical properties of mirrors. In particular, we have studied the in°uence of the layer crystallinity on the X-ray re°ectivity of multilayers. The multilayers have been produced using various deposition parameters, and we characterized them mainly with the low-angle X-ray di®raction and TEM methods. The performance of the mirrors was evaluated by measuring X-ray re°ectivity for the wavelength ¶ =13.4 nm.
The structural parameters of multilayers were¯rst characterized by small angle X-ray di®ractometry at CuK¬ radiation ¶ = 0.154 nm. From these measurements, using the procedures reported in [47] , we determined the structure period, and the thicknesses of Mo (d M o ) and Si (d Si ) layers in a period, the rms value of roughness on the layer boundaries. Measurements of angular and spectral dependencies of the multilayer structure re°ectivity for ¶ = 13.4 nm were carried out using a special re°ectometer [48] developed on the basis of the RSM-500 spectrometer-monochromator.
We studied the crystalline state of the multilayers by the transmission electron microscopy (TEM) of the mirror cross-sections. Samples for TEM studies were prepared using the technique of small-angle cleaving [49, 50] . A multilayer is cleaved (for example, by applying point pressure of a sharp tip of tweezers on the back side of substrate) so that it will result in a sharp wedge-like edge. For this purpose, we either take advantage of the natural property of a monocrystal (it is monocrystalline wafers that are ordinarily used as substrates for mirrors) to split mainly along the cleavage planes, or scratch intersecting lines on a substrate to be later used as guidelines for cleaving.
The cross-sectional TEM measurements have been performed with a JEM-2000EX microscope with a 0.35 nm point resolution. We were unable to use the high-resolution electron microscopy in the studies of Mo/Si multilayers, since the biggest lattice parameter of these materials is 0.316 nm for f111g planes of silicon. However, our earlier investigations [50] showed that we can take advantage of the possibilities o®ered by conventional TEM alone, as a standard set of micrographs (bright-¯eld and dark-¯eld) and selected area di®raction picture provides su±cient data on the structural features and crystallinity of Mo/Si structures. All micrographs were recorded with multilayers in the edge-on orientation.
The micrographs of the multilayer cross-sections for the structures in question show transition regions formed at the layer interfaces through interdi®usion of Mo and Si. This is also indicated by the intermediate contrast that appears at the interfaces of Mo and Si layers as gray stripes of varying brightness, which have a width comparable with the thickness of the layers. Depending on the deposition conditions, the width of the transition layer was varying and could reach a value of about 1 nm. The asymmetry (the di®erence in width) of the transition layers on the upper and lower boundaries of the¯lms has been observed for the structures with textured layers of molybdenum. One can see that the thickness of these stripes at the lower boundary (that faces the substrate) of a Mo¯lm is larger than at the upper boundary. The thickness of the Si-on-Mo interlayer is approximately two times smaller than the thickness of the Mo-on-Si interlayers. The values of the transition layers as measured on the TEM images are º 0.3 nm and º 0.7 nm, respectively. This e®ect and the most likely mechanism behind such an asymmetry were discussed by several research groups in detail [32, 36, [38] [39] [40] [51] [52] [53] [54] . The qualitative analysis of the experimental data and the results of numerical simulation of the deposition processes show that, most likely, the intermediate layer asymmetry stems from the di®erence in the conditions at very early stages of formation of continuous¯lms on the amorphous surface of silicon and on the surface of molybdenum crystals [38, 54] . Our TEM micrographs also revealed the¯lm microstructure to be the dominant factor governing formation of transition layers. In mirrors with nanosize or amorphous-like molybdenum layers, the asymmetry of the boundaries disappears, so that the lower and the upper intermediate layers become identical and the width of these interfaces is much larger, up to approximately º 1nm.
Using electron microscopy it is shown that active crystallization of Mo-layers is observed at thicknesses of Mo-layers larger than 2.6 nm (Fig. 7) . Accordingly, there is a considerable increase of re°ectivity of Mo/Si multilayer structures.
Using optimum fabrication conditions we have now achieved about 69% re°ectivity from Mo/Si multilayers at wave length º 13.4 nm. Fig. 8 shows the results of the re°ectivity measurements for one of the spherical mirrors which are produced for the X-ray lithography. The diameter of this mirror was 150 mm, and the curvature radius of the surface was 300 mm.
On the diagram for the uniformity of a multilayer re°ectivity (Fig. 9) we see that the re°ectivity strongly decreased in the point corresponding to the radius of º 50 mm from the center of the mirror. We believe that this degradation of re°ectivity can be explained by a change in the crystallinity of Mo layers whose thickness for this radius proved less than critical d M o because the technical speci¯cations for these mirrors was set before the present study and it did not specify the requirements for minimal thickness of molybdenum¯lms. The main practical goal of this research was to reduce, as far as possible, the e®ect of the most critical factors that currently do not permit us to obtain optimum re°ectivity for Mo/Si multilayer structures prepared by the magnetron sputtering method. Using transmission electron microscopy and measurements of the X-ray re°ectivity, it was found that the re°ection properties of the mirrors are largely deter- mined by the microstructure of layers, which in turn depend on deposition conditions. In this respect, the size of the Mo grains is the most deposition-sensitive factor. The crystallization of molybdenum has a positive e®ect on the re°ectivity of Mo/Si multilayer mirrors at ¶ =13.4 nm. The experimentally obtained threshold thickness of Mo layers, marking the onset of a noticeable increase in the crystallite sizes, was ¹ 2.6 nm in the working range of magnetron powers used. This value is quite close to the optimal thickness of a Mo layer, which for near normal incidence Mo/Si structures and a wavelength 13.4 nm is equal to ¹ 2.9 nm. Since the re°ection properties of multilayer mirrors are largely determined by the layer microstructure, which also depends on other deposition parameters, the existence of the critical thickness may prove to be a decisive factor when choosing the optimal value of ® and also for optimization of the processing parameters in the manufacturing of multilayer structures.
